Abstract: Flavonoids are important secondary metabolites in plants. Chalcone synthase (CHS) catalyzes the first committed step in the flavonoids biosynthesis. CHS belongs to type ΙΙΙ polyketide synthases that are known for their broad substrate specificity and catalytic potential toward a wide range of thioesters, to produce diverse novel polyketides of pharmaceutical importance. In this study, an in silico approach was used to understand the structure and function of CHS protein from an important medicinal plant Coleus forskohlii. A homology model of CfCHS was built and docking studies were carried out using 25 ligands. Best four docked ligands in proposed binding pocket of CfCHS were: Cinnamoyl CoA, 2-Carbamoylbenzoyl CoA, Benzoyl CoA and p-Coumaroyl CoA. Cys 164, His 304, and Asn 337 were found to be catalytic residues of CfCHS. Further two important residues, Phe 216 and Phe 266, were found to be the gatekeeper residues involved in π-π interaction with ligands. Present study revealed broad spectrum substrate profile of CfCHS and important key residues involved in substrate binding. This is the first report of homology modeling and docking analysis of CHS from C. forskohlii. 
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PUBLIC INTEREST STATEMENT
The functional diversity of the plant-specific type ΙΙΙ polyketide synthases (PKSs) is remarkable. Chalcone synthase (CHS) is one of the important class of type ΙΙΙ PKS, that show extremely broad substrate promiscuity and catalytic potential toward a wide range of substrates from aromatic to aliphatic thioesters, to produce diverse novel polyketides of pharmaceutical importance. In this study, we attempted to understand the substrate diversity of CHS from an important medicinal plant-C. forskohlii.
Introduction
Flavonoids are ubiquitous in higher plants and play significant roles in a wide array of processes like pollination, floral pigmentation, nitrogen fixation, and are produced in response to stress, UV radiation, pathogens, insects, etc. (Fini, Brunetti, Di Ferdinando, Ferrini, & Tattini, 2011; Lillo, Lea, & Ruoff, 2008; Päsold, Siegel, Seidel, & Ludwig-Müller, 2010; Taylor & Grotewold, 2005; Winkel-Shirley, 2002) . Flavonoids are known to have a close connection with human health. Besides the remarkable antioxidant, antiviral, and anti-proliferative biological activities, they have also been used for treatment of cardiovascular disease (Commenges et al., 2000; Knekt et al., 2002; Teixeira et al., 2005) .
CHS, the well-studied plants-specific type III PKS, is an important enzyme that channels the flux of phenylpropanoid pathway toward biosynthesis of flavonoids (Schröder, 1997) . It catalyzes the condensation of three molecules of malonyl-CoA and one molecule of p-coumaroyl-CoA, yielding naringenin chalcone (Martens & Mithöfer, 2005) . CHS shows broad substrate promiscuity and catalytic potential toward a wide range of thioesters (benzoyl-CoA, feruloyl-CoA, phenyl acetyl-CoA, hexanoyl-CoA, and isovaleryl-CoA and many more) to produce diverse novel polyketides of pharmaceutical importance (Abe, Takahashi, & Noguchi, 2002; Abe, Watanabe, & Noguchi, 2004; Dao, Linthorst, & Verpoorte, 2011 (Goodwin, Hsiang, & Erickson, 2000; Jiang, Schommer, Kim, & Suh, 2006; Reddy et al., 1996; Wang et al., 2013; Yamazaki et al., 2001) . Coleus forskohlii (Willd.) Briq. (Lamiaceae) is an important medicinal plant in Indian system of medicine (Kavitha, Rajamani, & Vadivel, 2010) . The plant is being used from ancient time in ayurvedic traditional medicine for treatment of diverse human health disorders (Lukhoba, Simmonds, & Paton, 2006) . Not many flavonoids have been reported from C. forskohlii (Alasbahi & Melzig, 2010) , so it would be interesting to analyze the substrate diversity of CfCHS, as this may help in providing clues about the possible products that may be formed by CfCHS in planta. This information could also be exploited for in vitro biotechnological use of CfCHS for production of novel polyketide products.
Methdology

Amino acid sequence analysis, template searching, and sequence alignment
In our previous study, we have cloned the full-length gene sequence of CfCHS gene (Awasthi et al., 2016) and submitted the sequence to NCBI database (accession no. KF643243). CfCHS sequence was analyzed using bioinformatics tools at the website http://www.expasy.org/. The protein sequence of CfCHS was analyzed using BLASTP tool to identify closely related CHS homologs. The sequence that showed the highest sequence identity with CfCHS was selected as a template for homology modeling of CfCHS protein.
Homology modeling and structure analysis of CfCHS protein
The Protein model of CfCHS was prepared using homology modeling module of Schrödinger Suite (Maestro, version 9.4, Schrödinger, LLC, New York, NY). The 3D structure of the protein was predicted using crystal structure of CHS (PDB ID: 4WUM) as a template. To check the stereochemical stability of protein model, ramachandran plot was obtained from procheck module of the SAVES server (http://services.mbi.ucla.edu/SAVES/).
Molecular docking
CfCHS protein model was prepared for docking using protein preparation wizard of Schrödinger Suite (Maestro, version 9.4, Schrödinger, LLC, New York, NY). The active site of protein model was predicted using active site prediction server (http://www.scfbio-iitd.res.in/dock/ActiveSite.jsp) and the grid was generated around it. Glide XP precision mode (Glide, version 5.9, Schrödinger, LLC, New York, NY) was used to carry out the molecular docking of CfCHS protein (Abe & Morita, 2010; Friesner et al., 2006; Halgren et al., 2004; Sastry, Adzhigirey, Day, Annabhimoju, & Sherman, 2013) . A total of 25 ligands (CoA esters) were downloaded from the pubchem database (https://pubchem.ncbi.nlm.nih.gov/) and were manually truncated using Schrondinger suite 2013. The structures of these ligands are given in Figure 1 .
To validate the methodology used here for study of CfCHS, we have modeled four functionally characterized type III PKSs that are; chalcone synthase (Gb_CHS) from Gerbera hybrida (Mutisieae), stilbene synthase ( 
Results
Homology modeling and stereochemical analysis of CfCHS
Homology modeling for CfCHS was carried out using CHS (PDB ID: 4WUM) from Freesia hybrida as a template. Protein model was developed using Schrödinger Suite (Maestro, version 9.4, Schrödinger, LLC, New York, NY) (Figure 2(a) ). Stereochemical analysis of the predicted model of CfCHS protein was analyzed by procheck server (http://services.mbi.ucla.edu/SAVES/). Ramachandran plot analysis of CfCHS showed 90.3% residues in the most favorable region, 8.2% residues in the additional allowed region, 1.5% in the generously allowed region, and 0.0% in the disallowed region (Figure 2(b) ). The results of the procheck analysis indicated that no residue had phi/psi angles in the disallowed regions suggesting the acceptability of ramachandran plot for CfCHS protein (Figure 2(b) ). For good protein model, 90% of residues should be in the most favorable region (Morris, MacArthur, Hutchinson, & Thornton, 1992) . 91.75% of residues of CfCHS had an average 3D-1D score >= 0.2. The protein structure was further analyzed for Z-score mean, Z-score Stdev, and Z-score RMS ( Supplementary  Figure 1) .
Molecular docking study of CfCHS
Firstly, methodology used for docking experiment was validated through study of some of the known type III PKS. As we know, CHSs and STSs (stilbene synthase) prefer p-coumaroyl-CoA, 2-pyrone synthase from G. hybrida prefers acetyl-CoA, and valerophenone synthase from H. lupulus prefers isovaleryl-CoA. Our docking analysis concurs with the experimentally characterized enzymatic activities of these proteins, thus validating our methodology (Supplementary Table 1 , Supplementary  Figure 2 ). This methodology was previously also employed to predict substrate selectivity of similar enzymes (Bhat et al., 2013) .
Docking experiments were performed with the CfCHS protein model using CoA-esters of cinnamic acid and its derivatives as ligand data-set (Figure 1 ). Ligands that showed high binding affinity for CfCHS (Table 1; A, B, L), additional allowed (a,  b, l, p), generously allowed (a,  b, l, p) , and disallowed regions are indicated as yellow, light yellow, and white regions, respectively.
The docking score for Tr_2-Carbamoylbenzoyl CoA was −8.578 (Table 1) . Residue which was involved in substrate (Tr_2-Carbamoylbenzoyl CoA) binding through hydrogen bonds was Asn 337 with bond lengths 2.18 and 2.49 Å (Figure 4 ).
Tr_Benzoyl CoA was found to be the one of the preferred substrate for CfCHS among all 25 docked molecules, having a docking score of −8.487 (Table 1) . Phe 266 was found to be an important residue of CfCHS protein that interacted with Tr_Benzoyl CoA. Asn 337 (2.16 Å) was found to be involved in hydrogen bond formation while Phe 266 (5.44 Å) had π-π interaction with the ligand (Figure 4 ). p-Coumaroyl CoA is one of the most common substrate for CHS in plants (Dao, Linthorst, & Verpoorte, 2011) . Tr_p-Coumaroyl CoA was found to be best docked in the proposed binding pocket of CfCHS in this study. Important catalytic residue Cys 164 was found to be involved in hydrogen bond formation with bond length of 2.47 Å (Figure 4 ).
Discussion
The functional diversity of the plant-specific type ΙΙΙ PKSs is remarkable. CHS is an important class of type ΙΙΙ PKS, which shows extremely broad substrate specificity and catalytic potential toward a wide range of substrates, from aromatic to aliphatic thioesters, to catalyze the formation of diverse and novel polyketides of pharmaceutical importance (Abe et al., 2002 Abe, Noma, Noguchi, & Abe, 2006; Jez, Bowman, & Noel, 2002; Morita et al., 2000; Oguro et al., 2004) . In this study, we attempted to understand the substrate profile of CHS from an important medicinal plant, C. forskohlii. This is a first report of modeling and docking analysis of CfCHS from this herb. Docking results for 25 probable substrates for CHS reveal the broad spectrum catalytic potential of CfCHS toward different ligands. In order to find out the key residues involved in substrate interaction, we selected four best docked molecules (Tr_Cinnamoyl CoA, Tr_2-Carbamoylbenzoyl CoA, Tr_Benzoyl CoA, and Tr_p-Coumaroyl CoA). Cys 164, His 304, and Asn 337 were found to be present among the residues interacting with substrates under study. As per previous studies with CHS from other plants, Cys, His, and Asn were identified as key residues in the catalytic triad present in the CHS (Abe & Morita, 2010) . Apart from this, two other residues (Phe 266 and Phe 216) were found to have interaction with docked molecules. These are known as gatekeeper residues of CHS (Jez & Noel, 2000) . In CfCHS, Phe 266 was found to have strong π-π interaction with all four best docked molecules. In this study, apart from above five important residues, Lys 270 were also found to be involved in hydrogen bond formation. Lys 270 was involved in hydrogen bond formation with substrate Tr_Cinnamoyl CoA.
This study disclosed the broad spectrum substrate profile of CfCHS and important key residues involved in substrate binding. This knowledge can be used for the production of a wide range of pharmaceutically important polyketides. 
